ABSTRACT: Linear functions of body weight and condition score at weaning and 18 mo of age were used to predict the mature weight [A) and maturing rate &I parameters of an asymptotic growth model of Angus cows at the Subtropical Agricultural Research Station, Brooksville, FL. Brody's three-parameter and Richards' fourparameter functions were fitted to 2,855 quarterly weights of cows, from birth to 6.5 yr of age, to estimate the average growth curve for each line. Brody's model gave better estimates of weights from 18 mo to maturity, but the asymptotic residual mean squares were slightly higher because early weights were overestimated. Linear and nonlinear regression analyses of weight-age data and comparisons of degree of maturity at different premature ages showed differences in the growth patterns of the two lines selected for early predicted values of A and k.
Introduction
Lifetime growth in beef cattle, EM a weight-age relationship, has been studied increasingly with nonlinear models (Brown et al., 1972a,b;  Morrow et al., 1978;  Doren et al., 1989) . Several nonlinear J. Anim. Sci. 1992. 70:734-741 models have been evaluated with regard to their goodness of fit, biological interpretation of the parameters, computational difficulty, and evaluation of genetic and environmental effects on the growth curve parameters (Brown et al., 1976; Fitzhugh, 1976;  DeNise and Brinks, 1985;  Doren et al., 1989) . Strategies for altering the shape of the growth curve were discussed by Fitzhugh (1976). Two biologically relevant parameters characterize the growth models: the size parameter, most frequently evaluated as weight at maturity (A), and the growth rate relative to body size, commonly referred to as maturing rate (k). The terms A and k can be evaluated only after growth is completed. Early estimation of these parameters can be of importance for selection purposes, given their association with other traits and the economy of production (Joandet and Cartwright, 1969 ; Long et al., 1975;  Butts et al., 1980a,b; Tawah and Franke, 1985) .
A selection experiment was conducted to evaluate responses obtained by using linear functions of early weights and body condition scores as predictors of mature weight and maturing rate in Angus cattle at the Subtropical Agricultural Research Station, Brooksville, FL. The objective of this study was to describe and compare the growth patterns of two lines selected on predicted high mature weight (Line A) or predicted high maturing rate (Line Kl. This was accomplished through analyses of static weight data at different ages and longitudinal age-weight data from birth to maturity.
Materials and Methods
Selection of the Lines. Weaning and long-yearling (approximately 18 mol body weights and condition scores were used to estimate mature weight CA) and maluring rate 0 for Angus, using the following equations [w. Butts, unpublished) : (1, . . . , 17) . These equations were developed by multiple regression procedures from data collected on two lines of Hereford cattle, as described by McCurley et al. (1980) . The body condition scoring systems used for calves and yearlings were based on the USDA live animal grading systems for slaughter calves and cattle, respectively. The scores recorded were the means of the subjective evaluations, based on estimated fat thickness, of at least two evaluators. Scores of 6 through 8 indicated a calf and yearling likely to be graded low, medium, and high Standard upon slaughter based on the slaughter calf and beef systems, respectively. Likewise, scores of 9 through 11 indicated both calves and yearlings expected to grade low, medium, and high Choice under their respective carcass grading systems. Similarly, the grades of 12 through 14 were used for those calves and yearlings expected to grade Choice upon slaughter. Grades above 14 or below 6 were seldom used. The weight units used were pounds. All estimates were made in avoirdupois units and later transformed to the metric system.
In 1981, female animals born during and before 1980 were arrayed in three priority lists, within age group, in order of preference by highest predicted values of A and k, and maternal performance. The latter was based on progeny records, or individual weaning record in the case of heifers that had no progeny. Animals were assigned one at a time to each selection group. As one animal was selected for one of the groups, it was stricken from all three priority lists before going to the next turn. This procedure was followed until all females were assigned. In this way, the herd was divided into three lines: a large-mature-weight line CA), a rapidmaturing line (K) , and a maternal-performance line, which was to serve as a control. The control line was discontinued in 1985 and was not included in the analyses.
Management Description. The breeding season lasted 45 d until 1985, when it was lengthened to 60 d. Line A and Line K females were mated in singlesire herds to selected A and K bulls, respectively. Replacement heifers remained in their line of origin and were bred to calve for the frst time at 3 yr of age. Sires were selected each year across lines, based on their predicted A and k values, and were used for only one breeding season at 2 yr of age. Sire selection was across lines to allow greater selection intensity based on an assumption that the A and k parameters were uncorrected genetically. On few occasions, however, was a sire used outside his line of origin. Until 1984, young females were permitted one reproductive failure at either 2 or 3 yr of age at breeding. All 3-yr-old cows nonpregnant for the second time and aJl nonpregnant cows 4 yr of age or older were eliminated after rectal palpation for pregnancy determination in August. Beginning in 1985, nonpregnant cows remained in the herd until eliminated due to unsoundness, or until they were nonpregnant for two consecutive years.
Calving occurred in December (3 1.2%), January (64.3%1, and February (4.5%). Routine data collected at birth included the date, dam identification, calf identification, sex, line (described above), and weight. Bull and heifer calves were weaned at approximately 8 mo of age and separated by sex after weaning. Except for the selected sires, no other males were kept past 18 mo of age, when the postweaning growth phase was evaluated. Growth data after that age were available for females only. Weaning weights and body condition scores were taken in late August. Long-yearling (18 mol weights and condition scores, for the previous year's calf crop, and pregnancy tests and cow weights at weaning also were taken at this time. Quarterly weights were recorded for all animals.
General management was similar for both lines. Cows were maintained on bahiagrass Waspalurn notaturn) pastures with mineral supplementation year-round. Cows had ad libitum access to hay, BEL-ET AL. Body weights of the cows assigned to the lines and their female progeny were analyzed within four age ranges: 2.5 to 4 yr, 4.5 to 6 yr, 6.5 to 8 yr, and 8.5 yr and above. More than one weight measurement per cow was included within each of these age intervals. Because selection was practiced on cows, a repeatability value of .6 for cow weight was used for absorption of cow within line equations by maximum likelihood procedures (Harvey, 1987) . This repeatability estimate was obtained from 1,065 records of 280 cows with two or more fall weights. The numerical coefficient for the cow within line component of variance was 3.82 weights per cow. The mathematical model used to analyze cow weights included the effects of line (A, K), cow within line (absorbed), and pregnancy status (0, 11, the covariates body condi- Longitudinal Weight-Age Data Analyses. Brody's three-parameter function, Wt = A(l -Be-%I, and Richards' four-parameter function, Wt = A(1 -Be-kt)m, frequently have been used to describe size-age relationships. These models are preferred over other nonlinear models because of their goodness of fit and because the parameter estimates can be interpreted easily (Brown et al., 1976;  DeNise and Brinks, 1985; Doren et al., 19891 . In these equations, Wt is the body weight at time t, A is the asymptotic weight or mature weight, B is a scaling parameter, k is a function of the ratio of maximum growth rate to mature weight, and m is the inflection parameter. Unadjusted weights were used to estimate these lifetime parameters. Because serial measurements are simultaneously considered, the effect of short-term environmental changes is reduced and the parameters become adjusted when these data are fitted using least squares (Brown et al., 1976) . Detailed discussions of the biological interpretation of these parameters were given by Fitzhugh (1976) and by Doren et al. (1989) .
Nonlinear regression analyses were used to produce least squares estimates of the parameters of Brody's and Richards' nonlinear functions using 2,855 quarterly weights (1,443 A and 1,412 W , from birth to 6.5 yr of age, of cows assigned to either line and their female progeny. Individual growth curves were not fitted, because the purpose of this study was to fit an "average" growth curve for each line. A subsequent paper will examine the influence of line and other fixed effects on individual parameter estimates. The multivariate secant iterative method, frequently referred to as the DUD method for Doesn't Use Derivative (SAS, 19881, was selected for its efficiency in estimating the parameters compared with other algorithms (Doren et al., 1989) and tested in preliminary analyses of these data.
The convergence criterion used was as follows:
where SSEi is the residual sum of squares for the ith iteration. The ages to every weight were calculated by the difference in days between the weigh dates and the birth date of each animal. All cows assigned to one of the two lines and their female progeny were considered for estimation of the mean growth curve for each line. Nonlinear algorithms, DUD included, do not consider correlated residuals when estimating standard errors for parameters of an equation fitted to repeated measures. Thus, tests of hypotheses for comparisons between the growth curves of the two lines could be biased, even though the residual correlations may have been reduced, because the regressions were made from several animals (Doren et al., 1989) . Degree of maturity (u) was estimated by the fraction of mature weight attained at various ages before maturity. The least squares means obtained from analyses of weight at f=ed ages were used to calculate observed degrees of maturity, whereas the predicted weights were used to calculate estimated degrees of maturity. For Richards' model the degree of maturity at the point of inflection is a function of the inflection parameter: UI = [(m -l)/mlm. Because UI is not defined for 0 I m c 1 and biologically meaningful solutions can be obtained only for 0 c B 5 1, restrictions were imposed in preliminary analyses so that m 2 1 and 0 c B 5 1. Under those restrictions, DUD failed to converge, and no iterative solutions were obtained. Brown et al. (19761 reported a high negative correlation between m and B as the primary source of difficulty in the iterative procedure. Convergence was achieved, however, when the restrictions were removed. Starting values were taken from previous estimates obtained using the same herd (Franke and Burns, 1975) .
Results and Discussion
Traditionally, selection in beef cattle has emphasized heavy weights at market ages. For the cattle feeder this criterion is associated with faster growth rates and increased economic returns over Wnits for b are kilograms/day. bA = heavy mature weight; K = rapid maturing.
short periods of time. However, high growth rates to market age also may result in larger mature weights of brood cows and, as a consequence, increased maintenance costs (Klosteman, 1972) . Larger cows of synthetic lines have been found to be less efficient in reproduction (Buttram and Willham, 1989) and cow productivity (Humes and Munyakazi, 1989) than smaller cows under similar management systems. A similar trend in reproduction was reported by Olson et al. (1989) in an experimental Brahman herd. Statistical tests for differences in weight between the selected Angus lines were made at fixed ages, for which the observations are independent. The linear contrasts (A -K), at all evaluated ages (Table 21 , show heavier weights (P c .01) for animals from Line A. The 1.8-kg superiority at birth increased to 5.0 kg at weaning and to 11.9 kg at 18 mo of age. This increasing difference in weight with time results from the differences between the growth rates CP c .05) of the two lines during the nursing period to13 kg/d) and after weaning (.023 kg/d) in favor of Line A calves (Beltran et al., 1990) . Even though Line A calves seem to have a higher growth potential at all ages, the difference in average daily weight gain was smaller before weaning than after weaning, suggesting that the increased nutritional demand of the larger Line A calves was not adequately met by the milk produced by their dams.
The regression coefficients for weight change shown in Table 3 indicate that both lines had a similar growth trend between 2.5 and 4.0 yr of age.
After 4.5 yr, Line K cows showed no change in weight, indicating that mature weight was reached at approximately this age. Line A cows reached mature weight later, sometime between 5 and 6 yr of age.
Based on these results, the age domain for estimating growth curve parameters with nonlinear models was set between birth and 6.5 yr. Morrow et al. (1978) indicated that for accurate prediction of mature weights of Angus cows with nonlinear models, a minimum age of 4.5 yr is required. The precision in estimating mature weight, however, can be seriously affected by kil~grams.kilograms-~.day-' k lo-' ); B and m are unitless.
ing line.
temporal environmental variation. With the inclusion of two more years of quarterly weights, up to 6.5 yr, the asymptotic weight should be a better estimator of average mature weight, free from seasonal fluctuations. The parameter estimates and the residual mean squares are shown in Table 4 . The estimated growth curves for Brody's and Richards' models are plotted in Figures 1 and 2 , respectively. The points plotted along the curves are the least squares means for females, by line, obtained in the analyses of weight at fixed ages, and are intended to provide references for "goodness of fit" of the models. Brody's function was originally intended to describe growth occurring after inflection. The growth curves fitted with Brody's model to data including preinflection points overestimated birth weights and underestimated weaning (8 mol weights but gave better estimates of weights after 2 yr of age in comparison with Richards' model. DeNise and Brinks (1985) compared these two models and estimated the product-moment correlations between actual and predicted weight means at different ages for 11 lines of inbred and linecross beef cows. Reported values indicated better fit of Richards' model for birth weight and no difference between the models for weights after 12 mo of age. This lack of fit of Brody's function for early weights also was discussed by Brown et al. (1976) when comparing five nonlinear models fitted to weight-age data of different genotypes, including Angus crosses.
Growth patterns also can be compared by the degree of maturity attained at a given growth stage. Following the notation used by Fitzhugh and Taylor (19711, ut = yt/A, where the degree of maturity, u, is expressed as the ratio of weight, y, at a given age, t, on mature weight, A. Shown in Table 5 are age means and observed and estimated degrees of maturity for female calves up to 20 mo of age and for older cows. The least squares mean for weight at 2,575 d of age was taken as the observed mature weight 0 value for each line. Because these weights were not adjusted to a common body condition score, it is possible that the mature weight of the Line A cows, which may have been somewhat thinner than Line K cows, was slightly underestimated relative to that of Line K cows. The observed 6% maturity at birth for both lines equals the estimated value reported by Franke and Burns (1975) for Angus, Hereford, Brahman, and Santa Gertrudis cows, and is comparable to the value of 7% calculated by with Richards' model. The predicted growth curve and degrees of maturity estimated by Franke and Burns (1975) using Brody's model, for Angus cows from the same herd before selection at Brooksville, can be considered as descriptive of the average growth pattern previous to the selection program initiated in 1981. Selection based on predicted growth curve parameters seems to have increased weights from 20 mo until maturity in both lines. Line K cows, however, resemble closely the cattle before selection in terms of both maturing rate and degrees of maturity at various ages. Line A cattle, on the other hand, have a lower maturing rate and lower degrees of maturity at all stages of development than the original population. Taylor and Fitzhugh (1971) discussed the concept of time taken to mature, as a means to rank animals within a breed by the time at which they attained a certain degree of maturity for a given trait. Early-maturing animals for that trait would reach the specified degree of maturity at an earlier than average age. Following this concept, lines within a breed can also be ranked by the time Table 7 indicate that Line A cows required more time than Line K cows to reach fixed degrees of maturity. Implications Divergent growth response obtained in this study suggests that selection to change maturity patterns, based on measurements taken before 2 yr of age, would be effective. The accuracy of the equations for estimating mature weight and maturing rate need to be improved, which implies adjustment for early reproduction and other environmental factors, and the inclusion of some measurement of skeletal size, such as hip height.
aLine A = heavy-matwe-weight line; Line K = rapid-maturing line.
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Preliminary comparisons (unpublished of A and k values obtained with the prediction equations used for selection of the two lines in this study, with A and k values estimated by nonlinear regression analyses and actual observed values of mature weight and degrees of maturity at fmed ages on the same animals, indicate a consistent downward bias in the linear estimates of mature weight for a group of cows showing distinct growth and reproductive patterns. This group of slowly growing and heavy-mature-weight cows also had a low reproductive efficiency at early ages. No data were available to analyze skeletal size differences, which, along with body weight and condition scores, would provide better understanding of the growth and maturation patterns.
In conclusion, the growth patterns of the two lines were estimated to be different by linear and nonlinear regression analyses and in terms of weight and degree of maturity at fixed ages. Cows from Line A were heavier but less mature than cows from Line K at any age before maturity. Also, the time taken to reach a given degree of maturity was longer for Line A cows. It should be reemphasized, however, that the observed differences in growth parameters were not only the result of sire selection, but also were due to the initial partitioning of the cowherd based on the same selection criteria, that is, the predicted growth curve parameters. The differences in reproduction and production associated with these growth patterns, along with the efficiency of the two lines, compared under the prevailing nutritional conditions will need to be evaluated in the future. Even though the realized response indicates the existence of some additive genetic variance in the estimated growth parameters, additional genetic analyses are necessary to calculate heritabilities for these parameters and their genetic correlations with body weights at different ages and other growth traits.
